While keto-amino cytosine is the dominant species in aqueous solution, spectroscopic studies in molecular beams and in noble gas matrices show that other cytosine tautomers prevail in apolar environments. Each of these offers two or three H-bonding sites (Watson-Crick, Wobble, Sugar-edge). The mass-and isomer-specific S 1 ← S 0 vibronic spectra of cytosine·2pyridone (Cyt·2PY) and 1-methylcytosine·2PY are measured using UV laser resonant twophoton ionization (R2PI), UV/UV depletion and IR depletion spectroscopy. The UV spectra of the Watson-Crick and Sugar-edge isomers of Cyt·2PY are separated using UV/UV spectral holeburning. Five different isomers of Cyt·2PY are observed in a supersonic beam. We show that the Watson-Crick and Sugar-edge dimers of keto-amino cytosine with 2PY are the most abundant in the beam, although keto-amino-cytosine is only the third most abundant tautomer in the gas phase. We identify the different isomers by combining three different diagnostic tools: (1) Methylation of the cytosine N1-H group prevents formation of both the Sugar-edge * To whom correspondence should be addressed 1 source: https://doi.org/10.7892/boris.47868 | downloaded: 26.1.2020 and Wobble isomers and gives the Watson-Crick isomer exclusively. (2) Calculation of ground state binding and dissociation energies, the relative gas-phase abundances, the excitation and the ionization energies are in agreement with the assignment of the dominant Cyt·2PY isomers to the Watson-Crick and Sugar-edge complexes of keto-amino cytosine. (3) The comparison of calculated ground state vibrational frequencies to the experimental IR spectra in the carbonyl stretch and NH/OH/CH stretch ranges strengthen this identification.
Introduction
The nucleobase cytosine exists in a large number of tautomeric forms, some of which exhibit two rotamers, denoted 2a/b and 3a/b in Figure 1 . The relative stability of the cytosine tautomers/rotamers depends on the temperature and the chemical environment. The biologically relevant N1-H or keto-amino tautomer 1 is by far the most abundant in aqueous solution. 1 In 1988, Szczezniak et al. found that the hydroxy-amino tautomers 2a and 2b (see Figure 1 ) dominate the IR spectra in inert gas matrices. 2, 3 A year later, Brown et al. reported the supersonic-jet millimeterwave absorption spectra of three species to which they assigned the keto-amino 1, enol-amino 2b and keto-amino 3a or 3b tautomers. 4 Very recently, Alonso et al. have identified the five tautomers shown in Figure 1 , based on the analysis of the 14 N hyperfine structure in the molecular-beam Fourier-transform microwave spectra. 5 The relative gas-phase concentrations of different cytosine tautomers have been determined also by X-ray photoemission spectroscopy. 6, 7 Kostko et al. 8 have studied the photoionization curves of cytosine using single-photon vacuum-ultraviolet (VUV) photoionization in combination with electronic structure calculations. 8 De Vries and co-workers have performed pioneering UV and infrared spectroscopic measurements of cytosine cooled in a supersonic jet. 9, 10 Using spectral hole-burning, they identified three species: the keto-amino tautomer 1, the hydroxy-amino tautomer 2a/2b and a third tautomer that remained unassigned. 9, 10 More recently, Lobsiger et al. have determined the tautomer-specific ionization potential of keto-amino cytosine 11 and analyzed the UV spectrum of keto-amino 1 tautomer in detail. 12 Theoretical gasphase calculations for experimentally relevant temperatures 13, 14 have confirmed that the tautomers 1, 2a and 2b account for close to 95% of the gas-phase tautomer distribution.
Each of the five main rotamers/conformers offers several double H-bonding sites, which are denoted by Watson-Crick (WC), Wobble (W) and Sugar-edge (S), as marked in Figure 1 . Upon H-bonding to a second nucleobase, each tautomer can form dimers with up to three different Hbonding patterns, giving rise to more than a dozen tautomer/H-bond isomers. In this work, we investigated jet-cooled dimers of cytosine with 2-pyridone (Cyt·2PY) by mass-specific ultraviolet (UV) and infrared/UV double resonance spectroscopies. Like uracil and thymine, 2-pyridone can form two H-bonds via a cis-amide group. Unlike uracil and thymine, 2PY presents only one cis-amide function, which dramatically reduces the number of possible dimers formed with other nucleobases. Furthermore, 2PY is a UV chromophore whose S 1 (ππ * ) state exhibits a fluorescence lifetime of τ f l = 9 ± 1 ns, 15 which allows both efficient excitation/ionization and high-resolution UV spectroscopy. 15 We have previously employed 2PY to probe the properties of antiparallel double H-bonds formed with 2-aminopyridine, 16 with fluorobenzenes, 17 with uracil, fluorouracil, thymine and other methyluracils, 18, 19 and with 9-methyladenine. 20 The dimer of keto-amino Cyt with 2PY can be viewed as a model of the Cyt:uracil mismatch base-pair, which has been observed in crystal structures of RNAs and RNA duplexes. 21, 22 The first observation of the Cyt:uracil base pair was in the RNA dodecamer duplex (r-GGACUUCGGUCC) 2 , where the four non-complementary nucleotides in the middle of the sequence do not form a loop but a highly regular double helix. 21 The goals of this work are (1) to spectroscopically identify the dimers that are formed with the different possible cytosine tautomers in the cold and solvent-free supersonic jet environment, (2) to check the assignment by chemical substitution of cytosine, (3) to quantify the H-bond interaction strengths via the intermolecular vibrational frequencies and by the changes of the intramolecular N-H, OH and C=O vibrational frequencies. In this way, we provide a quantitative spectroscopic basis for investigating the H-bonds in these model nucleobase dimers.
For the related cytosine dimer, de Vries and co-workers have identified a single H-bond isomer consisting of two cytosine 1 tautomers, revealed by IR/UV double resonance experiments. 9, 10, 23 In the H-bonded cytosine-guanine complex, the amino-keto 1 and enol-amino 2a/b isomers of cytosine have been identified. [23] [24] [25] Brutschy and co-workers have investigated the IR spectra of the jet-cooled dimers 4-aminopyrimidine-1-methylthymine and 4-aminopyrimidine-6-methyl-4pyrimidinone as mimics of the adenine-thymine (A-T) Watson-Crick (WC) base pair. 26 Since only the five cytosine tautomers shown in Figure 1 have been observed in the gas phase [4] [5] [6] [7] [8] 27 we will restrict the discussion to these forms. Each conformer offers two to three double hydrogen binding sites, totalling 11 binding sites. For a definitive clarification of the H-bonding patterns observed, we have also studied the 1-methylcytosine·2-pyridone complex (1MCyt·2PY). In 1MCyt the keto↔ enol tautomerism is suppressed and the biologically irrelevant Sugar-edge binding site is blocked, which allows to unambiguously assign the observed 1MCyt·2PY isomer, as discussed below in detail. Note that 2PY also exists as the 2-hydroxypyridine (2HP) tautomer in the molecular beam, but the longest-wavelength absorption of 2HP is at 277 nm, far outside the 305-330 nm region investigated in this work. Therefore, all the UV and IR/UV spectra reported here arise from complexes involving the 2PY tautomer.
Experimental and computational methods

Experimental techniques
The Cyt·2PY and 1M-Cyt·2PY complexes were produced and cooled in a pulsed supersonic Ne jet at backing pressures of 1 − 1.5 bar. The 20 Hz pulsed nozzle was heated to 240 • C for the cytosine experiments and to 220 • C with 1-methylcytosine. A 1:1 mixture of cytosine (or 1-methylcytosine) and 2-pyridone was placed in the sample holder and 2-pyridone was replenished by flowing the Ne through a 2PY reservoir heated to 100 • C.
In the two-color resonant two-photon ionization (2C-R2PI) experiments, excitation was per-formed with the frequency doubled output (∼100µJ) of a Lambda Physik FL3002 dye laser pumped by a Innolas Spitlight 600 Nd-YAG. Ionization was performed with ∼800 µJ of 266 nm from the same pump laser or 228 nm produced by an Ekspla UV-OPO system. For the UV/UV-depletion experiments, the Lambda-Physik dye laser was used to deplete the 2C-R2PI signal, which was produced with the UV output from a Radiant Dyes NarrowScan dye laser (excitation, 200µJ/pulse) and ionization at 266 or 228 nm ( 600µJ/pulse).
The IR/UV-depletion spectroscopy is based on the two-color R2PI setup. The excitation pulse energy was increased to ∼350 µJ to achieve partial optical saturation of the 2-pyridone S 1 ← S 0 transition, resulting in a larger and more stable signal. The IR light in the 2600-4000 cm −1 range (∼7 mJ) was generated using a LaserVision OPO/OPA system 28 operating at 10 Hz that was pumped by an injection-seeded Continuum PL8000 Nd:YAG laser. The IR beam, which precedes every second shot of the UV lasers by 100 ns, was arranged nearly collinearly to the two UV beams and was mildly focused using an f = 1000 mm CaF 2 lens. An additional AgGaSe 2 crystal was used to produce ∼0.8 mJ of IR in the 1400-2000 cm −1 C=O stretch region. For these experiments, the IR laser was arranged anti-collinearly and focused with an f = 500 mm CaF 2 lens.
Computational Methods
The geometries of 2-pyridone, cytosine and 1-methylcytosine and of the twelve possible H-bonded dimers were optimized with the resolution-of-the-identity (RI) second-order Møller-Plesset (MP2) frozen-core method using the aug-cc-pVTZ basis set. Based on these geometries, the dimer binding energies were extrapolated using the aug-cc-pVXZ (X= 2, 3, 4) series of basis sets and Dunning's exponential extrapolation scheme. 29 The additional correlation energy contributions were evaluated at the CCSD(T) level with a modified aug-cc-pVDZ basis set (aVDZ') where the most diffuse d functions of the C, N and O atoms were removed. For H-bonded dimers, such a procedure has been shown to yield binding energies D e that are accurate to within 0.4 kcal/mol. 30 Harmonic vibrational frequencies and zero point energy corrections were calculated at the MP2/aug-cc-pVDZ level.
The gas-phase equilibrium constants for the formation of the different cytosine tautomers and of the Cyt·2PY and 1MCyt·2PY complexes were calculated with the freeh script of Turbomole 6.0, 31 For the interpretation of the infrared spectra, normal modes were calculated using the PW91 density functional method with the 6-311++G(d,p) basis set. The choice of this method/basis set combination was based on its good performance when compared to the measured IR spectra of the jet-cooled 2-aminopyridine·2-pyridone 16 and (2-aminopyridine) 2 dimers. 32 The MP2 and CC2 calculations were performed with the TURBOMOLE 6.0 program package, 31 Gaussian03 33 was used for the CIS, DFT and CCSD(T) calculations.
Results and Discussion
Energetics and Thermodynamics
The binding energies D e and dissociation energies D 0 of the Cyt·2PY or 1MCyt·2PY complexes are given in Table 1 Table 1 are more than 1.5 kcal/mol smaller than those of these three dimers. We thus expect their concentration in the supersonic jet to be considerably lower than those formed with the keto-amino 1 tautomer.
We then calculated the relative gas-phase abundances of the five Cyt tautomers and of the twelve H-bonded complexes over the range T = 1 − 600 K using gas-phase statistical thermodynamics and the rigid-rotor/harmonic-oscillator approximation. The cytosine tautomerization equilibria are shown in Figure 2 to ∼ 90% of all the dimers. Thus, although the amino-hydroxy tautomers 2a and 2b contribute the major gas-phase fraction of the monomers as seen in Figure 2 (a), they play a relatively minor role for the complexes, because their binding and dissociation energies are considerably smaller than those of the keto-amino tautomer 1. Figure 2 (b) predicts that the main isomers are those of Cyt1·2PY, with a Sugar-edge/Watson-Crick ratio that is about 1.5 : 1 at the temperature of our nozzle (490 − 510 K).
Due to the rapid dilution and vibrational cooling in the early stages of the supersonic jet, we expect the interconversion between different tautomers to be halted early within the expansion.
Based on the experimental data discussed below, one can estimate that the relative abundance of the Cyt tautomers freezes in at an effective temperature of 400 ± 40 K. On the other hand, the interconversion of different H-bonded isomers may continue to lower temperatures, because of the much lower barriers separating the different H-bond isomers. Figure 4 presents the 2C-R2PI spectra of Cyt·2PY and 1MCyt·2PY over the 30500-32500 cm −1 range with ionization at 266 nm. Since 1-methylcytosine cannot form the enol-amino tautomers 2a/2b, only the keto-amino form is abundant in the molecular beam, with the imino-hydroxy tautomers being far less stable. Correspondingly, the 1MCyt·2PY spectrum in Figure 4 (b) is assigned to the Watson-Crick complex (see Figure 3 ).
Resonant two-photon ionization and UV/UV holeburning spectroscopy
Ionization at 266 nm
Using UV/UV-holeburning we find that the Cyt·2PY spectrum in Figure 4 (a) includes contributions from two isomers: The spectrum of the minor isomer A with a relative intensity of 30% exhibits a strong electronic origin at 30496 cm −1 , as shown in Figure 5 (c). As seen in Figure 5 (b), the major isomer B exhibits an electronic origin at 30815 cm −1 . Together, these spectra sum up to the total observed Cyt·2PY spectrum in Figure 5 (a). The peak positions and assignments of both Cyt·2PY isomers and of 1MCyt·2PY are indicated in Figure 5 and summarized in Table 3 . The corresponding CIS/6-31G(d,p) normal mode frequencies are given in Table 4 .
The first two strong bands in the spectrum of the minor isomer A seen in Figure 5 (c) are identified as the in-plane intermolecular opening mode ω ′ at 74 cm −1 and the stretching mode σ ′ at 130 cm −1 . Combinations and overtones of these two vibrations are identified as 2ω ′ at 148 cm −1 , ω ′ +σ ′ at 202 cm −1 , 2σ ′ at 256 cm −1 , and 3σ ′ at 382 cm −1 . The other vibronic bands are assigned to intramolecular vibronic transitions of the 2PY moiety. 34 The first overtone of the 2PY out-of-plane twist/bend mode, 2ν ′ 1 is identified at 181 cm −1 . Three medium intense bands appear at 534, 556
and 789 cm −1 . These have been observed in other dimers of 2PY 19 and are assigned accordingly to the in-plane modes ν ′ 5 , ν ′ 6 and ν ′ 10 of 2-pyridone. At 664 cm −1 the combination band ν ′ 5 +σ ′ is identified.
As seen in Figure 5( Table 3 .
The intermolecular vibrations also dominate the low-frequency region of the spectrum of 1MCyt·2PY
shown in Figure 5 (c). The in-plane opening ω ′ , shear χ ′ and stretch σ ′ excitations are observed at 66 cm −1 , 93 cm −1 and 131 cm −1 . A large number of overtone and combination bands can be identified, see The calculated frequencies of all cytosine·2-pyridone species and of 1-methylcytosine·2-pyridone are collected in Table 4 . For the unambiguously identified 1MCyt·2PY complex the calculated and experimental frequencies agree within ∼ 10%. This is typical for the CIS calculated intermolecular vibrations of dimers with doubly H-bonded 2PY. [17] [18] [19] [20] 35, 36 The observed opening ω ′ and stretch σ ′ frequencies show only little variation between the different dimers. The intermolecular vibration frequencies alone do not allow to identify the observed isomers unambiguously.
Ionization at 228 nm
We then measured UV/UV-depletion spectra of Cyt·2PY using ionization at 228 nm, which are shown in Figure 6 . Besides the UV band systems of the isomers discussed above, additional bands appear. We can attribute these to three additional Cyt·2PY isomers using UV/UV-depletion measurements, as shown in Figure 6 (d) to (f). The corresponding signal intensities are weak and the S/N ratio is too low to be used for a thorough interpretation and assignment of vibrational bands. We note, however, that the distribution of two major and several minor isomers is in good agreement with the calculated relative abundances of the Cyt·2PY complexes shown in Figure 2 and discussed above.
The two isomers observed with ionization at 266 nm obviously have a significantly lower ionization energy than that of the isomers which are observed only with ionization at 228 nm. We have calculated the adiabatic ionization energies of all the twelve dimers using the UB3LYP method and the 6-311++G(d,p) basis set. The results are shown in 
Electronic Excitation Energies
The vertical excitation energies and oscillator strengths for the Cyt·2PY and 1MCyt·2PY complexes were calculated at the CC2/aug-cc-pVDZ level using the MP2/aug-cc-pVTZ optimized ground-state geometries, and are presented in Table 2 . The S 1 ← S 0 transitions are 1 ππ * excitations that are dominantly localized on the 2PY moiety. The CC2/aug-cc-pVDZ transition energies are generally about 15% higher than the experimental transition energies. The S 1 ← S 0 excitations of the Watson-Crick and Sugar-edge isomers of 1 Cyt·2PY are calculated to be separated by ∼300 cm −1 with the Watson-Crick isomer at lower energy, close to the 1MCyt·2PY origin. This is in good correspondence to the observed spectra, where the transition of the Watson-Crick isomer appears at about 320 cm −1 lower energy than that of the Sugar-edge isomer. This observation supports the above assignments. The adiabatic CC2/aug-cc-pVDZ S 1 − S 0 excitation energies of these three isomers are given in an additional Table as Supplementary Material: These energies confirm the UV-spectrum-based assignments performed in the present study. It is interesting to point out that the results of the CC2 calculations shown in Table 2 predict that the S 2 excited states lie 3000 − 6000 cm −1 above the S 1 states. Unfortunately, the calculated vertical excitation energies are not distinctive enough to assign the three minor isomers.
IR Depletion Spectra
Isomer Identification and IR spectra in the Hydride Stretching Region
The IR/UV-depletion spectra of the Cyt1·2PY WC and S isomers and of 1MCyt·2PY over the 2600-3800 cm −1 range are shown in Figure 7 . All spectra show narrow bands of medium intensity between 3450 and 3610 cm −1 that correspond to free NH or -NH 2 stretch vibrations, and much broader and intense bands below 3200 cm −1 that arise from the H-bonded NH stretches. Weaker bands in the 3050-3150 cm −1 range are contributions from the CH stretches.
Due to N-methylation, the 1MCyt·2PY IR spectrum in Figure 7 (c) must be that of the Watson-Crick dimer. The free NH stretch of the amino group gives rise to a narrow band at 3532 cm −1 .
The strong antiparallel H-bonds lead to a shift of both the 2PY amide NH and cytosine amino NH stretch frequencies and a considerable intensity increase. This results in the intense and broad semi-structured band in the 2700-3200 cm −1 region. In addition, the CH stretches borrow intensity from the intense NH band and also contribute to its shape.
The IR spectrum of Cyt1·2PY S is shown in Figure 7 (b). The two narrow bands at 3456 and 3576 cm −1 are due to the symmetric and antisymmetric NH 2 stretches. The spectrum is dominated by an intense, broad and nearly structureless band between 2600 − 3100 cm −1 . This band is very similar to that observed in the IR spectrum of the 2PY self-dimer (2PY) 2 , and corresponds to the strongly coupled NH stretch vibrations of the two H-bonded cis-amide groups. [37] [38] [39] The Sugar-edge Cyt(1)·2PY complex is the only abundant isomer to exhibit antiparallel H-bonded amide groups, confirming the assignment of B as Sugar-edge. We note that the broad band peaking at 2750 cm −1 is red-shifted compared to Cyt(1)·2PY WC in Figure 7(a) .
The IR spectrum of Cyt(1)·2PY WC is shown in Figure 7 (a). It is more structured with two clearly distinguishable bands around 2892 and 3039 cm −1 . We assign these as the H-bonded 2PY amide N1-H and cytosine-amino NH vibrations. The CH stretch vibrations give rise to lowerintensity bands at 3137 and 3188 cm −1 . The narrow bands at 3456 and 3576 cm −1 correspond to the free N1-H stretch and the free amino NH stretch of the cytosine moiety. We assign a narrow medium-intensity band at 3325 cm −1 to the first overtone of the NH 2 bend, in analogy to the amino bend overtones that appear in the IR spectra of the 2-aminopyridine·2PY 16 and (2-aminopyridine) 2 dimers. 32 Figure 7 also includes the PW91/6-311++G(d,p) calculated IR spectra of these three complexes as stickplots. In the analogous doubly H-bonded systems 2-aminopyridine·2PY and (2aminopyridine) 2 the PW91 calculated frequencies were also found to agree closely with the experimental IR frequencies. 16, 32 The calculated IR spectrum of the Watson-Crick isomer of 1MCyt·2PY is in good agreement with the corresponding experimental spectrum Figure 7(c) . For the spectra in Figure 7 (a) and (b) a good agreement is found with the Cyt(1)·2PY WC and S isomers. However, Table 5 shows that the agreement would also be good with the calculated spectra of the Cyt(2b)·2PY WC and S complexes. Comparison to the frequencies calculated with the correlated methods MP2/aug-cc-pVDZ and CC2/aug-cc-pVDZ did not yield additional clarification. Thus, because of the very similar IR frequencies of the Cyt(1)·2PY and Cyt(2b)·2PY complexes, the IR spectrum alone is not sufficient for an unambiguous identification of the observed isomers. Considering the thermodynamic and UV spectroscopic results discussed above, we assign the experimental IR spectrum in Figure 7 (a) to the Cyt1·2PY Watson-Crick and Figure 7 (b) to the Cyt1·2PY
Sugar-edge complex, supporting the assignment of the UV spectra.
Comparison to other Watson-Crick H-bonded dimers
Recently, Nosenko et al. 26 have measured the IR depletion spectra of the jet-cooled dimers 4-aminopyrimidine·1-methylthymine (4APM·1MT) and 4-aminopyrimidine·6-methyl-4-pyrimidinone (4AP·M4PMN), and have compared them to the IR spectrum of 2-aminopyridine·2-pyridone (2AP·2PY). 16 All three dimers mimic the Watson-Crick hydrogen bond pattern of adenine:uracil or adenine:thymine.
The free amino NH stretch vibrations in these three dimers are found in the narrow range between 3530 − 3538 cm −1 and the overtones of the amino NH 2 bend mode lie between 3299 − 3323 cm −1 .
This vibrational pattern is well reproduced by the two Watson-Crick dimers Cyt1·2PY WC and 1MCyt·2PY WC studied here, with N-H stretch frequencies at 3534 and 3532 cm −1 , respectively, and the Cyt1·2PY WC NH 2 bend overtone at 3327 cm −1 . The NH 2 bend overtone of 1MCyt·2PY WC is tentatively assigned to the very weak feature at ∼ 3300 cm −1 .
Nosenko et al. 26 
IR Depletion Spectra and Vibrations in the Carbonyl Stretching Region
The IR/UV-depletion spectra in the 1400-2000 cm −1 range are presented in Figure 8 . The PW91/6-311++G(d,p) calculated IR spectra are indicated as stick-plots below the measured spectra. The 1MCyt·2PY spectrum in Figure 8 (c) shows two bands at 1670 and 1702 cm −1 that we assign to the hydrogen-bonded C=O stretch of the 2PY moiety and to the free C=O stretch of the 1MCyt moiety, respectively. The Cyt·2PY WC spectrum in Figure 8 (a) exhibits a very similar band structure with two intense bands at 1663 and 1694 cm −1 , assigned to the C=O stretching vibration of 2PY (Hbonded) and Cyt (free).
A more structured and bathochromically shifted band pattern is observed for the Cyt·2PY S isomer, shown in Figure 8(b) . This indicates that the interaction between the monomers is clearly different and somewhat stronger than in the Cyt·2PY and 1MCyt·2PY Watson-Crick isomers, as seen in Figure 8(a) and (c), which is consistent with the assignment to the Sugar-edge 1·2PY complex.
However, we note that the IR spectra of the different Cyt·2PY complexes in the carbonyl stretch range are not as specific as one might expect. From calculated normal modes and IR intensities in Table 5 , it is even hardly possible to distinguish between the complexes containing the amino-keto and amino-hydroxy tautomers of cytosine.
Conclusions
The doubly hydrogen-bonding complexes of cytosine and of 1-methylcytosine with 2-pyridone were probed using mass-and isomer-specific UV and infrared spectroscopic techniques. Five different isomers of cytosine·2-pyridone were observed in the molecular jet.
The two most abundant of these were clearly identified as the complexes of keto-amino cy- The binding energies calculated for the Cyt·2PY Watson-Crick and Sugar-edge complexes and for the 1-MCyt·2PY complex are close to −22 kcal/mol, see Table 1 . Thus, the complexes formed by the cytosine and 1-methylcytosine keto-amino tautomer are bound significantly stronger than those formed by all other cytosine tautomers, as shown in this work. More generally, the cytosine·2-pyridone complexes are among the most stable doubly H-bonded dimers. 40 The only exceptions in the JSCH-2005 database of Hobza and co-workers that we could find are the inosine· · ·cytosine and guanine· · ·guanine base-pairs, with calculated binding energies of −24.2 and −22.7 kcal/mol, respectively. 40 The calculated binding energies of the other doubly H-bonded nucleobase complexes are typically smaller than −20 kcal/mol. 40 As a direct experimental measure for the H-bond interaction strength we have determined the harmonic force constants for the S 1 state H-bond stretching vibration σ ′ in the pseudo-diatomic approximation. For the Cyt·2PY Sugar-edge, Watson-Crick and 1-MCyt·2-PY complexes these force constants are 67, 51 and 55 N/m, respectively. Compared to force constants for single hydrogen bonds, which range from ∼2-25 N/m, 41 the obtained values indicate a very strong interaction, even for a doubly hydrogen bonded system. 
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